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The experimental study of spinel accumulation indicated that high concentrations of spinel-forming constituents in the glass can produce settling layers of a few cm thick in a few weeks. An excessive agglomeration of spinel in high-Ni-Fe glass (Ni1.5/Fe17.5) with agglomerates bigger than 500 µm resulted in the accumulation rate ~53.8 µm/h, which will produce ~2.6 cm thick layer in just 20 days of melter idling and can potentially plug the riser. Can noble metals decrease significantly this accumulation rate? There is an indication that they can. Additions of RuO 2 (in the form of ruthenium nitrosyl nitrate) to high-Ni glass (Ni1.5) effectively slowed down or stopped the spinel accumulation because of their effect on decreasing the average crystal size below 10 µm. Can the accumulation of thick but noncompacted spinel layer prevent the plugging of the riser? Maybe it can. Then, the additions of Al 2 O 3 and Li 2 O to glasses containing high concentration of spinel constituents might be the way. These components slowed down the growth of individual crystals but promoted the formation of a dendritic network of large needle-like spinel structures, which resulted in the non-compacted layers. There is a reasonable chance that spinel crystals locked in this configuration can be removed with glass during the pouring into canister.
The previously developed model (Matyáš et al. 2010a ) predicts well, R 2 = 0.981, the accumulation of crystals in the glasses with no or small-scale agglomeration, in which spinel settles as individual crystals and/or as clusters of a few crystals. But, in the case of excessive agglomeration, observed in the Ni1.5/Fe17.5 glass, the model under predicts the thicknesses of deposited layers. This under prediction was getting gradually worse with time as an increased number of larger agglomerates formed. Another factor that was not depicted by the model and that affected greatly the accumulation of spinel was the formation of 3D network of spinel needle-like structures in the Ni1.5/Al10 and Ni1.5/Li.38 glasses, which prevented a formation of a dense settled layer.
The T L 's of tested glasses as determined with optical microscopy was between 950 to 1105°C. We have also measured the mass concentrations of spinel at different temperatures. They ranged from 0.9 to 5.3 mass %.
From the agglomeration test of two glass compositions enriched with Rh 2 O 3 and RuO 2 , we have learned that even agglomerates of spinel and RuO 2 bigger than 100 µm slowly settle because of their size and shape configuration. These non-compact agglomerates were composed of particles that were loosely touching each other in all directions, which resulted in high-surface area agglomerate with "holes". The X-ray tomography combined with SEM and image analysis also revealed that the size of agglomerates slowly increased with time and with the distance from the bottom.
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Introduction
The high-level radioactive waste (HLW) from the Hanford and Savannah River Sites is being vitrified in stable borosilicate glass for long-term storage and disposal. This process is time consuming and expensive because it is highly dependent on loading of HLW in glass and on the rate of HLW glass production. The current HLW melters are projected to operate in an inefficient manner as they are subjected to artificial constraints that limit waste loading to far below its intrinsic level (Kim and Vienna 2002) . These constraints, such as liquidus temperature (T L ) of glass or the temperature at which the equilibrium fraction of spinel crystals in the melt is below 1 vol % (T 1 ), nominally below 1050°C, were imposed to prevent clogging of the melter with spinel crystals that can accumulate at the bottom and in the glass discharge riser based upon operational experience with static melters (i.e., non-bubbled). Matyáš et al. (2001) showed through mathematical modeling that T L has only a little impact on the rate of settling and, in contrast, the crystal size is the main factor determining the rate of accumulation. Therefore, while being conservative and costly, the constraints cannot prevent the formation, growth, and accumulation of spinel crystals in considerably cooler regions (~850°C) of the glass discharge riser during melter idling. At this temperature, a significant volume of large octahedral crystals of spinel [Fe, Ni, Mn, Zn] [Fe, Cr] 2 O 4 can precipitate in the glass (Izak et al. 2001) . Matyáš et al. (2010b) demonstrated that these crystals rapidly settle, forming a thick sludge layer with rates up to 0.6 mm/day. This settling rate is fast enough to form a few cm thick sludge layer that can partially or completely block the riser during idling, thereby preventing molten glass from discharging during normal operation. This is aggravated by the fact that the spinel sludge cannot be dissolved at low temperatures in the riser and cannot be easily disturbed (Mika et al. 2000 (Mika et al. , 2002 .
To protect the melter from detrimental accumulation of spinel crystals, attention has been focused on the behavior of spinel crystals in HLW borosilicate glasses, such as equilibrium fraction of spinel, spinel crystallization kinetics, spinel settling rate and the rheology of spinel sludge. Stachnik et al. (2000) investigated the equilibrium mass fraction of spinel as a function of the Fe, Ni, and Cr, indicating that Ni-rich glass precipitated more than three times higher concentration of spinel compared to Fe and Cr-rich glasses. Wilson et al. (2002) went even further by determining the equilibrium mass fraction as a function of temperature and concentration of seven different components (Al, Cr, Fe, Li, Mg, Na, and Ni) . This study confirmed the significant increase in concentration of spinel crystals in Ni-rich glasses and indicated that this increase is augmented by Fe, Al, and Mg and mitigated by Na and Li. Later on Jiricka et al. (2003) studied the phase equilibrium in low-silica HLW glasses with spinel as the primary phase and showed that T L is most increased by Ni and Cr, but Cr affected the T L much less than in glasses with higher SiO 2 content. Alton et al. (2002a) focused on experimental measurements of spinel crystallization in 11-component generic HLW glass (MS-7) with T L = 1078°C and determined the mass transfer coefficients for dissolution and growth from Hixson-Crowell equation. Izak et al. (2001) investigated the effect of minor components on spinel crystallization during feed-to-glass conversion for the same glass and stated that while Ag 2 O and CuO did not help nucleate spinel the RuO 2 increased the crystal number density (n s ) by two orders of magnitude and significantly decreased the crystal size. They also indicated that some submicron spinel from coldcap (feed pile) can be passed into the melt and provide nucleation sites for crystallization of spinel in the molten glass. Alton et al. (2002b) followed with a statement that the noble metals (Rh, Ru, Pd, and Pt) increased n s independently of temperature by up to four orders of magnitude compared with MS-7 baseline glass.
The settling of spinel crystals in molten glasses (Matyáš et al. 2010b; LaMont and Hrma 1998; Kloužek et al. 2001; Matlack et al. 2009 ) as well as transparent liquids (Matyáš et al. 2011 (Matyáš et al. , 2010a was researched in the laboratory. Lamont and Hrma (1998) observed the parabolic shape of the settling front indicating that the settling crystals generated a convective cell within the melt. Kloužek et al. (2001) determined that the measured settling distances between the glass level and the uppermost crystals in the centerline of the crucible were less than 10% smaller than the distances calculated with the modified Stoke's law. Matyáš et al. (2010b) determined the accumulation rate of crystals as a function of spinel forming components and noble metals, and revealed a beneficial effect of suppressing the crystal size and accumulation rate through additions of Fe and noble metals. Matlack et al. reported that the high-crystal content glasses of up to 4.2 vol% at 950°C have been successfully discharged from the DuraMelter® DM-100 after about 8 days of melter idling at 950°C (Matlack et al. 2009 ).
To improve predictions of the accumulation rate, Matyáš et al. (2011) studied the settling of particles in silicone oils with a developed optical particle-dynamics-analyzer, and determined the shape factors for individual spinel crystals and agglomerates. Recently, Matyáš et al. (2010a) determined that the Stokes and Richardson-Zaki equations can be applied to adequately predict the accumulation rate for different concentrations of spinel crystals in the glass discharge riser of HLW melter.
Our long-term objective is to develop an empirical model that can predict the crystal accumulation in the riser as a function of glass composition, providing the guidance to formulate crystal-tolerant glasses for higher waste loading. By keeping the spinel crystals small and therefore limiting spinel deposition in the melter, these glasses will allow high waste loading without decreasing melter lifetime.
The preliminary model developed in FY 2010 performed well (R 2 = 0.985) in predicting the thicknesses of accumulated layers as a function of concentration of spinel-forming components in glass (Matyáš et al. 2010a ). In addition, the experimental data indicated that 1) the high concentrations of Ni in HLW glasses would result in the formation of large spinel crystals that will produce a thick sludge layer and thereby potentially plug the bottom of the riser, and that 2) the noble metals, Fe, and Al were the components that significantly slowed down or stopped the accumulation of spinel crystals by decreasing the average crystal size through increasing n s .
In our study, a series of lab-scale crucible tests were performed on designed glasses of different compositions to further investigate and simulate the effect of Cr, Ni, Fe, Al, Li, and RuO 2 on the accumulation rate of spinel crystals in the glass discharge riser of the HLW melter. The experimental data were used to expand the compositional region covered by an empirical model developed previously (Matyáš et al. 2010b) , improving its predictive performance. We also investigated the mechanism for agglomeration of particles and impact of agglomerates on accumulation rate. In addition, the T L was measured as a function of temperature and composition.
AZ-101 Simulant
A non-radioactive AZ-101 simulant of pretreated HLW from Tank 241-AZ-101 was produced by Noah Technologies Corp. A total of 250 L of AZ-101 simulant was completely dried at 105°C, crushed into particle size from 50 to 200 µm, homogenized in the mixer, and transferred into buckets that were shipped to Pacific Northwest National Laboratory (PNNL). The simulant preparation was conducted in accordance with the quality requirements of the Statement of Work and contract. Table 1 shows the composition of the simulant which was derived from a combination of actual AZ-101 sludge with a portion of cesium ion exchange concentrate (Eibling et al. 2003) . The chemical compositions of the raw materials were converted to oxide and halogen concentrations that will remain in the glass. A representative sample of dried and ground AZ-101 simulant was sent for analysis of metals to Southwest Research Institute (SWRI) to check an agreement with the target composition from literature and to compare its composition with the previously used AZ-101 simulant (prepared by Optima Chemical Co.). Methods blanks, spikes, and reference glass standards (National Institute for Standards and Technology [NIST] SRM 278 Obsidian Rock and NIST SRM 688 Basalt Rock) were run to access the precision and accuracy of analysis with inductively-coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
The simulant was converted into liquid using four techniques: 1) LiBO 2 /Li 2 B 4 O 7 fusion to determine Al, Ba, Ca, Cr, Co, Fe, Mn, P, Si, Na, Sn, Ti, and Zr; 2) HF/HNO 3 digestion to determine Ru; 3) HNO 3 /HCl/HF digestion in closed vessel to determine B and S; and 4) HNO 3 /HClO 4 /HF/HCl digestion in open vessel to determine Cd, Cu, La, Pb, Li, Mg, Mo, Ni, K, Rh, and Zn. Produced solutions were analyzed for Co, Rh, Ru, Ti, and Zn with ICP-MS and for all other metals with ICP-AES. Table 2 compares analyzed composition of the simulant with the composition data from Eibling et al. (2003) . The concentrations of all the components were within the specified criteria (based on the levels of accuracy that were accepted in the simulant as originally prepared by Savannah River National Laboratory). The relatively large relative percent differences (RPD) for some components illustrate the impact of analytical errors and small-scale errors introduced during the simulant preparation. Table 3 compares composition of previously used AZ-101 simulant (Optima Chemical Co.) with target composition of simulant (Noah Technologies Corp.) that was used for our study. The concentrations of most components were in a good agreement. Larger but still acceptable differences in RPD of more than 10% but less than 30% were observed for Al 2 O 3 , Na 2 O, SO 3 , ZrO 2 , and CuO. 
(a) AZ-101 simulant supplied by Optima Chemical Co., which has been previously used for the glass preparation (Matyáš et al. 2010a (Matyáš et al. , 2010b . Table 4 shows the glass matrix design to study the accumulation rate of spinel crystals. A composition of baseline glass from previous investigations (Matyáš et al. 2010a (Matyáš et al. , 2010b was varied one or two components-at-a-time while proportionally decreasing the concentration of all other components.
HLW Glass Compositions
Eight glasses were prepared from AZ-101 simulant and additives (H 3 BO 3 , carbonates of Li and Na, and SiO 2 ) according to the PNNL procedure GDL-GBM. 1   Table 4 
. Composition of Designed Glasses in Mass Fraction of Oxides and Halogens
Additional Ni, Al, Cr, Fe, and Li were added as NiO, Al 2 O 3 , Cr 2 O 3 , Fe 2 O 3 , and Li 2 CO 3 . Trace quantities of elemental Ru (in the form of ruthenium nitrosyl nitrate solution) were added drop by drop to SiO 2 that was dispersed on a Petri dish. SiO 2 cake was dried in oven at 105°C for 1 hour, quenched, and hand-mixed in the plastic bag with the rest of the glass batch. The combined batch for 500 g of glass was then homogenized in an agate mill for 5 min, melted in Pt/10%Rh crucibles in air at 1200°C for an hour, air quenched, and ground in a tungsten carbide mill for 2 min. The produced glass powder was remelted under the same conditions, quenched, and a small part used to prepare glass chips for T L testing. Remaining glass was ground in a tungsten carbide mill for 2 min and stored for double crucible test (described below). Six glass batches were prepared for each glass composition. Table 5 shows the glass compositions to test particle agglomeration. A composition of baseline and high-Ni glasses from previous investigations (Matyáš et al. 2010a (Matyáš et al. , 2010b was altered one-at-a-time to accommodate 0.29 wt% of RuO 2 . These glasses were prepared following the same procedure as the glasses for crystal accumulation study. Trace quantities of elemental Ru was added in the form of ruthenium nitrosyl nitrate solution, Rh as Rh 2 O 3 , and additional Ni for high-Ni glass as NiO. The batch size was ~80 mL of glass. This volume was sufficient to fill up the testing assembly ( Figure 16 ) and allowed us to keep the concentration of noble metal particles in the glass about the same in every assembly. Eight glass batches were prepared for each glass composition. 
Experimental Methods
Various instruments and experimental techniques were used to elucidate the effect of spinel forming components, alumina, lithium oxide, and noble metals on the accumulation rate, and to study particle agglomeration and its effect on the settling rate.
X-Ray Microfocus Computed Tomography
X-ray microfocus computed tomography, which is more commonly known as computed tomography (CT), is a non-destructive imaging technique used to examine internal structures of geologic and manmade materials. Various forms of this imaging technique have been utilized by the medical industry since 1972 and CT imaging is currently an essential part of patient diagnostics (Kalender 2000) . In recent years, scientists have used these systems to investigate geologic materials, with the technology rapidly becoming a part of routine sample characterization (Ketcham and Carlson 2001) . For example, imaging with X-rays supported studies of site remediation for heavy metal contaminants and in the evaluation of bulk vitrification processing of low-level tank waste (McGrail et al. 2003; Wellman et al. 2005 ).
Major components of the CT system include a flat panel detector, rotating stage, and an X-ray tube capable of high resolution and high magnification. Initially, 2D cross-sectional images of an object are generated based on density variations. For example, water and gas filled voids (low density) are easily distinguished within geologic sediment or sludges (high density). The object is rotated in the X-ray beam in a 360° continuous rotation collecting a designated number of images for each degree of rotation. Each sequential image contains a detailed map of the interior features of the object. After image acquisition, reconstruction of the data and image correction, the real time volume is rendered and 3D visualized.
The CT system is a North Star Imaging (NSI) X-View Digital X-ray Imaging and Microfocus Computed Tomography system manufactured by NSI, Inc. (Rogers, Minnesota). The system, shown in Figure 1 , is housed in an 8 000 pound lead-lined near-zero-emission enclosure and mounted on a leveling table. X-rays are generated by a microfocus X-ray source (Comet Fienfocus model 160.48 160 kV) and image collection is by a PaxScan® 2520V flat panel digital x-ray detector (pixel pitch of 127 micron and a total active imaging area of 8 × 10 inches). The sample stage is equipped with a 150-mm diameter turntable (360° continuous rotation) and is capable of 150 mm vertical travel and can be positioned between the detector and x-ray source to optimize the field of view. Depending on instrument parameters, the system is capable of achieving a spatial resolution of >6 μm (in the focal plane) on an object 6.75 mm in diameter. This resolution decreases with the size of the sample.
X-Ray Diffraction
Glass samples were ground for 2 min in a tungsten carbide mill. Approximately 1 g of sample powder was mixed with 5 mass% of internal standard (CaF 2 ) for 1 min in a tungsten carbide mill, mounted in an X-ray diffraction (XRD) sample holder, and scanned with an X-ray diffractometer Bruker D8 Advanced from Bruker AXS (Madison, WI) equipped with a Cu Kα target set to a power level of 40 kV and 40 mA. The detector is a position-sensitive detector with an angler range of 3° 2θ. The scan parameters were 0.03° 2-θ step size, 4 seconds dwell time, and 5 to 70° 2-θ scan range. The detection limit of XRD for spinel was 0.1 mass%. Jade and RIQAS 3.1 software were used to identify crystalline phases and to determine their concentration in analyzed samples following the PNNL procedure Glass Development Laboratory (GDL)-XRD. 
Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM-EDS)
Thin sections of selected glass samples were sputter-coated with Au/Pd and analyzed with a JEOL JSM-5900 from SEMTech Solutions Inc. (North Billerica, Massachusetts) equipped with EDAX Li-drifted Si detector. The working distance was ~12 mm, the voltage 15 kV, and the beam spot size of a few micrometers.
Optical Microscopy
Thin sections of samples were analyzed with a stereo microscope (magnification range from 10× to 70×) or high-magnification microscope with up to 1000× magnification under reflective or transmitted light. The size and surface fraction of spinel crystals in selected samples was determined with an imageanalysis program Clemex 3.0 ® .
Liquidus Temperature
The liquidus temperature of designed glasses was obtained through heat-treatments at selected temperatures for 24 h in Pt/10%Rh boxes with tight fitting lids (to avoid volatility) in accordance with the PNNL procedure GDL-LQT. Two glass samples were produced for each temperature. First sample was analyzed with a high-magnification optical microscope for the presence of crystals and the second with an XRD for the spinel content. The liquidus temperature was determined within 6°C of the temperature range between the highest and the lowest temperature at which a sample contains or does not contain spinel crystals in the glass, respectively.
The XRD mass fraction of spinel, C 0 , as a function of temperature for tested glasses is shown in Figure 2 . If we assume that the fraction of spinel at T ≥ 850°C and t ≥24 h no longer changes with time, we can use Eq. (1) to fit the XRD data:
where B L and C max are composition-dependent coefficients, T is the temperature, and T L is the liquidus temperature; C max can be interpreted as the hypothetical total (crystalline and dissolved) spinel in glass and B L represents the rate of change of C 0 at T = T L . Table 6 shows fitted parameters in Eq. (1) and liquidus temperatures as determined with optical microscopy for different glasses. The calculated T L's agreed well with the measured ones. The small discrepancy in T L's can be explained by the scatter of XRD data. The T L (as determined with optical microscopy) for previously measured Ni1.5 glass was 1080°C (Matyáš et al. 2010a (Matyáš et al. , 2010b Table 7 summarizes mass and volume concentrations of spinel crystals in the glasses heat-treated at 850°C for 24 h. More than 3 mass % (> 1.5 vol%) of crystals formed in all the glasses except for Cr0.3 (0.9 mass%) and Ni1.29 (2.7 mass%). The high concentration of spinel, ~5.3 mass%, in the Ni1.5/Fe17.5 glass is the result of supplying additional Fe 2 O 3 for spinel nucleation and growth. Figure 3 shows the cross-section of the double-crucible assembly. In the double-crucible test, the alumina crucible was nested in a larger silica crucible and covered with molten glass to eliminate Marangoni convection in the meniscus and bubble generation at the bottom of silica crucibles (undisturbed settling) (Matyáš et al. 2010a (Matyáš et al. , 2010b . The core-drilled second silica crucible held the alumina crucible in place and filled up the space, saving more than 0.5 kg of glass per test. To minimize the effect of the surface crystallization and to eliminate the impact of temperature history on crystal nucleation and growth, powdered glass was melted in a Pt-crucible at 1200°C for 1 hour. The crucible was then removed from the melting furnace, and molten glass poured into three double crucibles that were rested inside the furnace at 850°C, mimicking the temperature in the glass discharge riser. Doublecrucibles were removed at various times, air quenched, and cross-sectioned. The red-marked rectangular piece shown in Figure 3 was cut out from the crucibles, thin-sectioned, and analyzed with optical microscopy, SEM-EDS and Clemex Image Analysis Software to determine the thickness of the spinel sludge layer and the size and surface fraction of spinel crystals in the accumulated layers. Figure 4 , 5, and 6 show optical images of spinel crystals above the accumulated layer for selected glasses after double crucible test at 850°C for ~7 days. Well separated crystals with an average size ~80 µm formed in the high-chromium glass (Cr0.3), Figure 4A . In contrast, large agglomerates bigger than 130 µm formed in the high-nickel (Ni1.29) and high-nickel-chromium (Ni1.5/Cr0.3) glasses, Figures 4B and C, respectively. The agglomeration was even more pronounced in the high-nickel-iron (Ni1.5/Fe17.5) glass, Figure 4D , because of the crystallization of larger number of crystals. Figure 5 illustrates the effect of addition of RuO 2 (added as ruthenium nitrosyl nitrate) to the high-nickel glass (Ni1.5) on the size and number density of crystals. A large number of micrometer-sized spinel crystals formed in the Ni1.5/Ru0.015 glass. Figure 6 shows the spinel crystals that formed in the high-nickelaluminum (Ni1.5/Al10) and high-nickel-lithium (Ni1.5/Li3.8) glasses, Figures 6A and B , respectively. Additions of aluminum and lithium to Ni1.5 glass slowed down the growth of individual crystals but promoted the formation of a continuous dendritic network of large needle-like spinel structures.
Crystal Accumulation in Double Crucibles
Crystal Morphology and Size with Optical Microscopy
The effect of NiO and noble metals on the crystal morphology agreed well with the experimentally observed morphologies shown in the Figure 7 for previously tested glasses (Matyáš et al. 2010a (Matyáš et al. , 2010b . Figure 7 shows optical images of crystals in two high-nickel glasses Ni1.07 and Ni1.5 ( Figure 7A and B) , high-nickel glass Ni1.5/nm containing 0.03 mass% of Rh 2 O 3 and 2.9E-03 mass% of RuO 2 ( Figure 7C ), and high-nickel-iron glass Ni1.5/Fe20 ( Figure 7D ). Interestingly, an increase in iron oxide concentration in Ni1.5/Fe17.5 glass from 17.5 mass% to 20 mass % resulted in the formation of similar large needlelike structures observed after adding extra aluminum or lithium to Ni1.5 glass. (Matyáš et al. 2010a (Matyáš et al. , 2010b Heat-Treated at 850°C for Different Times: A) Ni1.07 (6 days 21 hours), B) Ni1.5 (7 days), C) Ni1.5/nm (7 days 20 minutes), and D) Ni1.5/Fe20 (9 days 19 hours 20 minutes) Figure 8 shows the accumulation rates for spinel layer in the glasses that were heat-treated in double crucibles at 850°C for various times. The results for previously tested baseline (BL) and high-nickel (Ni1.5) glasses (Matyáš et al. 2010a (Matyáš et al. , 2010b were added to the plot for comparison purposes. The baseline glass contained 0.64 mass% of NiO, 0.17 mass% of Cr 2 O 3 , and 14.51 mass% of Fe 2 O 3 while Ni1.5 glass contained 1.5 mass% of NiO, 0.17 mass% of Cr 2 O 3 , and 14.38 mass% of Fe 2 O 3 . Table 8 shows the slopes and intercepts for linear fitted lines in the Figure (Matyáš et al. 2010a (Matyáš et al. , 2010b ).
Accumulation of Spinel Crystals
Adding 0.13 mass% of Cr 2 O 3 to the baseline increased the accumulation rate of spinel from ~2.9 to 5.2 µm/h. Doubling the concentration of NiO in the baseline to 1.29 mass% (Ni1.29 glass) increased the accumulation rate ~4.5 times to ~13 µm/h. An additional increase of NiO concentration to 1.5 mass% (Ni1.5 glass) resulted in the accumulation rate ~25.9 µm/h, approximately 9 times faster than that of the baseline. This rate was more than doubled to ~53.8 µm/h by adding ~3 mass% of Fe 2 O 3 to Ni1.5 glass (Ni1.5/Fe17.5 glass). In contrast, adding 0.13 mass% of Cr 2 O 3 or 0.015 mass% of RuO 2 to Ni1.5 glass (Ni1.5/Cr0.3 or Ni1.5/Ru0.015 glass) decreased this rate to ~23.6 or 0.2 µm/h, respectively. More than twofold decrease in the accumulation rate for the Ni1.5/Ru0.015 glass demonstrates the high effectiveness of RuO 2 in slowing down the spinel accumulation. This was confirmed by adding 0.087 mass% of RuO 2 to Ni1.5 glass (Ni1.5/Ru0.087), which completely stopped the spinel accumulation. Figure 9 shows the time-sequence SEM images of Ni1.5/Fe17.5 glass after heat-treatments at 850°C, visualizing the growth of spinel sludge layer over the time as well as the size and concentration of crystals. Figure 10 provides a 3D projection of spinel agglomerates in the Ni1.5/Fe17.5 glass after heattreatment at 850°C for 4 days 21 hours 20 min. Cyan-colored features of agglomerates are located on the surface and black-colored features in the bulk of the glass. Platelets of hematite that were identified in this glass encouraged the formation of large agglomerates bigger than 500 µm. Figure 11 shows accumulated layers in the Ni1.5/Ru0.015, Cr0.3, Ni1.29, and Ni1.5/Cr0.3 glasses that were heat-treated at 850°C for ~7 days. The crystals up to 25 µm in size were found in the Ni1.5/Ru0.015 glass with ~25% of all the crystals bigger than 10 µm. The average crystal size was 8.4±9.9 µm. In contrast, all the crystals in the Cr0.3 glass were bigger than 14 µm. Also, the average and maximum size of crystals was 49.4±50.3 and 110 µm, respectively. Crystals formed in the Ni1.29 glass were more than double of that size, 116.1±120.9 and 294 µm, due to agglomeration (see Figure 4C ) and fast crystal growth. Also, about half of the crystals in the layer were bigger than 100 µm. Similar large single crystals and agglomerates were observed in the Ni1.5/Cr0.3 glass (see Figure 4B ) but their average and maximum size was 127.4±139.9 and 354 µm, respectively. Figure 12 shows SEM images of crystals on the surface of the thin-sections for the Ni15/Al10 and Ni1.5/Li3 glasses that were heat-treated at 850°C for ~7 days. Crystals in these glasses did not form a compacted settling layer because of an extensive network of interconnected large needle-like spinel structures. The area fraction of the crystals in the layers did not change with time and was less than 8%. Figure 13 details the size of spinel in the crystal clouds observed in the Ni1.5/Ru0.087 glass after 7 days of heat-treatment at 850°C. An average crystal size varied from 3±2.6 µm ( Figure 13A ) to 4.9±4.9 µm ( Figure 13B ) and the maximum size of crystals was ~10 µm.
Points marked by dot circles in Figure 8 represent a post-settling period in Ni1.29, Ni1.5/Cr0.3, and Ni1.5/Fe17.5 glasses. In this period, the accumulation rate of spinel crystals was slower than in the linear-settling period because fewer and smaller crystals were available for settling. This is illustrated by the Figure 14 , which shows the layer of spinel accumulated in Ni1.5/Cr0.3 glass after 13 days and 20 hours at 850°C. The highlighted area at the top contains crystals with an average size ~99 µm. In contrast, the average size of the crystals settled during linear-settling period (middle section of Figure 9 ) was ~139 µm. The pre-settling period is represented by highlighted area at the bottom of Figure 14 . In this period, crystals with an average size ~55 µm got accumulated in the layer. Their small size compared to crystals at the top and middle sections can be explained by settling of crystals formed close to the bottom. These crystals grew slowly or stopped growing because the glass in their vicinity was depleted from spinel constituents. 
Crystal-Tolerant Glass Model
Previously, we have developed an empirical model of spinel settling with coefficients h i and s i expressed as a linear function of mass fractions of seven major components (Al 2 O 3 , Cr 2 O 3 , Fe 2 O 3 , ZnO, MnO, NiO, and Others) to predict crystal accumulation in the glass discharge riser of the HLW melter (Matyáš et al. 2010a) :
where h i is a compositional dependent intercept coefficient (μm), t is the settling time (h), and s i is a compositional dependent velocity coefficient (μm/h).
In this study, additional spinel-layer-thickness data were generated and incorporated into this model. Specifically, the experimental data were updated with thicknesses of accumulated layers observed in Ni1.5/Cr0.3, Cr0.3 and Ni1.29 glasses. Figure 15 shows the calculated versus measured thicknesses of a spinel sludge layer for the glasses used in the model fit and for Ni1.5/Fe17.5 glass. The model predicts well the accumulation of crystals in the glasses with no or small-scale agglomeration, in which spinel settles as individual crystals and/or as clusters of a few crystals. Fitting 44 data points resulted in R 2 = 0.981. But, in the case of excessive agglomeration, observed in the Ni1.5/Fe17.5 glass, the model under predicts the thicknesses of deposited layers. This under prediction was getting gradually worse with time as an increased number of larger agglomerates formed. Another factor that affected greatly the accumulation of spinel was the formation of 3D network of spinel needles in the Ni1.5/Al10 and Ni1.5/Li.38 glasses, which prevented a development of a dense settled layer. Since dense layers did not form in these glasses, they were excluded from model fitting. An addition, we were not able to detect continuous accumulated layers of spinel for Ni1.5/Ru0.015 glass, and therefore, did not use this glass in the model fitting as well. 
Particle Agglomeration
A question arises whether it would be possible to control the accumulation rate of spinel crystals through optimization of noble metals concentration in radioactive wastes. A small concentration of noble metals may be sufficient to nucleate enough spinel crystals to limit their growth to a size of 10 µm or less. However, high concentrations of noble metals are not favorable because of their tendency to form large agglomerates (Fox et al. 2008 ). These rapidly settling agglomerates can also form due to interactions of spinel crystals with noble metal particles. Therefore, our laboratory study investigated particle agglomeration (size and concentration of agglomerates) and accumulation rates in two designed HLW glass compositions with X-ray tomography, optical microscopy, and SEM-EDS. Figure 16 shows the testing assembly that was used in the lab-scale study of the particle agglomeration. The assembly consisted of an alumina crucible with an outer and inner diameter of 1.8 and 1.5 cm, respectively, and height 9 cm that was positioned on the alumina plate inside a Pt-crucible with a diameter of 3 cm and height 10 cm. The fabricated glasses were first melted in Pt/10%Rh crucibles at 1200°C for an hour, and then the crucibles were removed one by one from the melting furnace, and molten glass poured into each of four assemblies that were rested on the 20-in.-diameter platform inside the big Deltech furnace at 850°C. These assemblies were covered with a lid and removed (air-quenched) at different times up to 4 days. The alumina crucibles were core-drilled from assemblies and were investigated with X-ray tomography for the size and distribution of agglomerates. Then, the thin sections were prepared for optical microscopy and SEM-EDS observations, and an image analysis. 
X-Ray Tomography
The core-drilled alumina crucibles were analyzed with a resolution of 17.5 µm (the smallest agglomerate that can be detected). The image analysis focused on the area ~3×1.5 cm inside the crucible at the bottom which was covered by 1714 XY (top view) and 857 XZ (side view) slices. Figure 17 shows agglomerates (white specs) in XZ slices collected in the middle of the crucible for BL/RuO 2 (A) and Ni1.5/Ru0 2 (B) glasses that were heat-treated at 850°C for ~2 days. The BL/RuO 2 contained 44 agglomerates of maximum and average sizes 412 and 111±159 µm, respectively. In contrast, Ni1.5/RuO 2 contained 41 agglomerates of maximum and average sizes 138 and 68±64 µm, respectively. These numbers suggest that significantly bigger agglomerates formed in the BL/RuO 2 , but, this was not true as confirmed by image analysis of remaining XZ slices. The overall size distribution of agglomerates was not that markantly different. The averages of maximum and average sizes in the BL/RuO2 were 167±38 and 94±12 µm, respectively, compared to 148±33 and 86±9 µm in the Ni1.5/RuO 2 . Also, the numbers of agglomerates was about the same; 11±3 and 10±3 and agglomerates per cm 2 in the BL/RuO 2 and Ni1.5/RuO 2 . In addition, we did not observe accumulated layer in any of these glasses even after 4 days at 850°C, indicating that agglomerates of this size and shape configuration (see Figures 21 and 22) settle slowly. Figure 18 shows agglomerates in XY slices collected at 1.6 (A) and 2.6 cm (B) above the bottom for Ni1.5/Ru0 2 glass heat-treated at 850°C for 1 day 21 hours and 15 minutes. About 17 agglomerates were detected closer to the bottom with the maximum and average sizes 153 and 95±73 µm, respectively. The higher number (27) and little bigger agglomerates were detected further from the bottom (maximum and average sizes 178 and 101±93 µm, respectively). Figure 19 and 20 shows maximum and average size of agglomerates as a function of the distance from the bottom of the crucible for BL/RuO 2 and Ni1.5/RuO 2 glasses heat-treated at 850°C for ~2 days. The linear fit of the data indicates a gradual increase in the averages of maximum and average sizes of agglomerates from bottom to the top for tested glasses. This increase is similar in both glasses except for more than 3 times higher increase in maximum size for agglomerates in the Ni1.5/RuO 2 . Figure 21 shows in detail the shape and size of the agglomerates that formed in the Ni1.5/RuO 2 glass heat-treated at 850°C for A) 1 day 21 hours 15 minutes, B) 3 days 2 hours 45 minutes, and C) 4 days 5 minutes. Figure 22 shows the same for BL/RuO 2 . SEM analysis proved that the size of agglomerates increases with time, and therefore, confirmed the results of X-ray tomography. 
SEM
Conclusions
Adding 3 mass% of Fe 2 O 3 to high-nickel glass resulted in the large-scale agglomeration, and therefore, fast accumulation rates. High concentration of spinel also formed in high-nickel glasses containing an extra Al 2 O 3 and Li 2 O but these components promoted the growth of a network of needlelike spinel structures, preventing the formation of dense layers. Adding RuO 2 to high-nickel glass decreased the crystal size to less than 10 µm, and therefore, prevented crystals from settling. Our settling model predicts well the accumulation of crystals in the glasses with no or small-scale agglomeration, in which spinel settles as individual crystals and/or as clusters of a few crystals. But, more experimental data is needed to make the model more robust to account for the effect of agglomeration and different crystal morphologies on accumulation rate and structure (dense vs. non-compacted) of the layer. Analysis of agglomerates suggested that X-ray tomography coupled with SEM and image analysis is an efficient tool to study agglomeration of particles in the glasses.
